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Abstract 24 
The life cycle of many bacterial species requires a transition between two very distinct 25 
environments.  Their primary habitat is the gastro-intestinal tract of the host, while their 26 
secondary habitat, during transmission from one host to another, consists of environments 27 
external to the host such as soil, water and sediments.  Consequently both host and 28 
environmental factors will shape the genetic structure of enteric bacterial populations.  29 
This study examined the distribution of four Salmonella enterica subspecies in a 30 
population of sleepy lizards, Tiliqua rugosa, in a semi arid region of South Australia.  31 
The lizards living within the 1920 m by 720 m study site were radio tracked, and their 32 
enteric bacteria sampled at regular intervals, throughout their activity season in the years 33 
2001, 2002 and 2006.  Four of the six subspecies of S. enterica were present in this 34 
population, and were non-randomly distributed among the lizards.  In particular the 35 
subspecies S. enterica diarizone was restricted to lizards living in the most shaded parts 36 
of the study site with an overstorey of Casuarina trees.  Experiments undertaken to 37 
investigate the survival of S. enterica cells under semi-natural conditions, revealed that 38 
cell survival decreased with increased exposure to elevated temperatures and UV light.  39 
Among the three S. enterica subspecies tested, S. enterica diarizone, had the poorest 40 
survival.  There was no indication in the data that there was any competitive dominance 41 
hierarchy among the S. enterica subspecies within individual hosts.  Thus the non-42 
random distribution of S. enterica subspecies in this population of lizards appears to be 43 
driven by their different survival characteristics in the external environment.   44 
45 
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Introduction 46 
Our study considers small-scale spatial variation in the occurrence of subspecies of 47 
Salmonella enterica inhabiting a large Australian lizard.  The local distribution and 48 
abundance of a species may be influenced by a number of factors. These include 49 
competition (both within and between species), predation, disease, physical barriers to 50 
movement, and the physiological barriers imposed by climate or microclimate.  The 51 
varying influences of these factors have been a central focus in studies of the ecology of 52 
plants and animals for over a century.  Bacterial ecology, in contrast, has focussed on 53 
defining and describing the diversity of taxa, and classifying them into ecotypes (1, 2).  54 
However, many studies have shown associations between particular bacterial 55 
communities and characteristics of the physical environment they are found in, for 56 
instance in soil (3,4), and freshwater habitats (5), and of the seasonal dynamics of 57 
bacterial community structure (6).   58 
 59 
In bacteria, as in eukaryotes, different species have different ecological niches and life 60 
history characteristics.  Many bacterial species also exhibit extensive genetic substructure 61 
and different genetic subgroups within a species may also have distinct ecological niches 62 
and life history characteristics (7).  The life cycle of enteric bacterial species exposes 63 
them to two distinct habitats, the primary habitat of the gastrointestinal tract of the host, 64 
and the secondary habitat of the external environment during host to host transmission 65 
(8).  Thus there are two habitat components that might each contribute to the distribution 66 
of enteric bacterial species. 67 
 68 
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One component is the range of different host species that they infect, and this is likely to 69 
be influenced by biological interactions between host and bacteria, and to reflect host 70 
related adaptations in the bacterial species, or their subspecific strains.    For example, 71 
Salmonella enterica is primarily an inhabitant of reptiles, while Escherichia coli is an 72 
inhabitant of mammals.  Within E. coli Gordon & Cowling (9) found that different 73 
genetic subgroups are non-randomly distributed among different Australian mammal 74 
species.  Bacterial species or strains of a species may compete amongst each other within 75 
the host environment and such competition may also influence the range of host species 76 
infected.  This competition amongst bacterial species or strains has the potential to 77 
influence within-host bacterial diversity.  For example, at the species level, it has been 78 
shown that mammalian hosts harbouring E. coli are less likely to harbour related species 79 
of bacteria (10).  Competition can also occur among strains of the same species. For 80 
example, particular genetic subgroups of E. coli can competitively limit the total number 81 
of E. coli genotypes observed within a host individual (11, 12).  82 
 83 
The second component that influences the distribution of bacteria is difference in the 84 
range of external environmental conditions that particular bacterial subgroups can 85 
tolerate.  For example S. enterica survives desiccating conditions in the external 86 
environment better than does E. coli (13).  This explains how S. enterica can persist in 87 
reptiles inhabiting the arid and semi arid regions of Australia (14), and why E. coli is 88 
more likely to be isolated from Australian mammals inhabiting temperate than arid 89 
regions (9).  Koeppel et al. (2) found different genetic subgroups of Bacillus simplex had 90 
distinct ecological niches in the external environment, in that they were isolated non-91 
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randomly in relation to the micro-habitat where they were collected.  Small-scale spatial 92 
heterogeneity in the external environment experienced by bacteria might, in turn, lead to 93 
variation in the distribution of bacteria among hosts, in a host population that occupies 94 
habitats with varying microclimatic conditions.  95 
  96 
Salmonella enterica is divided into six subspecies; enterica (I), salamae (II), arizonae 97 
(IIIa), diarizonae (IIIb), houtenae (IV) and indica (VI).  Although better known as a 98 
human pathogen, all six subspecies of S. enterica have been isolated from reptiles 15-17). 99 
No evidence suggests pathogenic effects in reptiles, but little is known of their ecology in 100 
reptile hosts.  The six subspecies differ in their phenotypic characteristics and in the range 101 
of host species they have been reported from (18, 19).  However, despite some apparent 102 
host specificity, preliminary data have shown that in some host species different 103 
subspecies can be isolated from different host individuals in the same population, or even 104 
co-existing in the same host individual. 105 
 106 
The scincid lizard , Tiliqua rugosa (the sleepy lizard), is a common inhabitant of the 107 
semi-arid regions of southern and eastern Australia and is known to host at least four of 108 
the six subspecies of S. enterica.  We studied the distribution of those four subspecies of 109 
S. enterica in one small subsection of a population of the sleepy lizard in a semi-arid 110 
region in South Australia over the spring and summer period, when they are active, in 111 
three years, 2001, 2002 and 2006. For enteric bacteria with a faecal-oral transmission 112 
pathway among individual hosts, the pattern of faecal deposition by the host will be an 113 
important ecological consideration. Sleepy lizards appear to scat haphazardly as they 114 
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move around their home ranges (20).  Individual lizards were radio tracked and sampled 115 
for S. enterica at regular intervals throughout each activity period.  Experiments were 116 
also conducted to investigate the survival characteristics of each subspecies of S. enterica 117 
in the external environment of the study plot. Our aim was to describe any spatial 118 
patterning and subspecies diversity of S. enterica within individual sleepy lizards, and to 119 
determine whether any spatial patterns were driven primarily by the environment outside 120 
of the host or by competition among subspecies within the host.   121 
 122 
Materials and Methods 123 
Host Species 124 
The sleepy lizard, Tiliqua rugosa, a large viviparous skink (21), is distributed widely in 125 
southern Australia, and occupies a range of mesic to arid habitats (Henle, 1990).  Sleepy 126 
lizards are long-lived (22) and mainly herbivorous (23,24).  They are predominately 127 
active from spring to early-summer (late August – December) (25, 26).  They form 128 
monogamous partnerships for 6-8 weeks before mating in early November, and these 129 
partnerships reform over successive years (27-29).  They maintain long-term, stable 130 
home-ranges of approximately 4 hectares (30, 31), which overlap extensively (26).  131 
Within the home range, there are between two and four areas of core activity, each 132 
usually centred around a refuge site (31), although individual lizards use multiple refuge 133 
sites over their activity season (32).  134 
 135 
Study Site 136 
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The study was conducted in the spring and early summer (usually September to 137 
December) of the years 2001, 2002 and 2006. This is the period of highest lizard activity 138 
each year (25, 33).  The study site was an area of 1920 m x 715 m, located approximately 139 
4 km west of Bundey Bore Station (33°55′S, 139°21′E) within the  Mt. Mary study area 140 
described by Bull et al. (34) and Petney & Bull (35).  The vegetation of the study site is 141 
chenopod shrubland, predominantly bluebush (Mariana sedifolia), with patches of 142 
Casuarina cristata woodland largely in the centre of the study site.  The site shows small 143 
topographic variation (altitude differences of a few metres), but heterogeneity in the 144 
degree of shading.  Both of these factors might influence local soil moisture and ground 145 
temperature, providing a range of microhabitats that bacteria, outside of their host lizards, 146 
could be exposed to.  During spring, open areas support a covering of herbaceous annual 147 
plants.  The area has cool wet winters and hot dry summers, with daily maximum summer 148 
temperatures often exceeding 30 °C (26).  The average annual rainfall at Bundey Bore 149 
(1970 – 1997) was 287 mm (26), but the average was only 192 mm during the years 150 
2000-2006 due to two exceptionally dry years 2002 (87 mm) and 2006 (110 mm). 151 
 152 
Sampling 153 
Lizards were captured within the study site and fitted with 3.6 g radio-transmitters 154 
(Sirtrack, New Zealand) at the start of each activity season.  Transmitters were attached 155 
to the lateral surface of the tail using adhesive tape (Leukoplast®).  After release, lizards 156 
could be regularly re-located using a receiver (Teletronics, AZ, USA) with a directional 157 
antenna (Sirtrack, New Zealand).  Individual lizards could be distinguished by the unique 158 
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signal produced from each transmitter, and their positions were recorded using a Garmin 159 
(GPS 76) Global Positioning System (GPS).  160 
 161 
Lizards were sampled for their gut microbiota between early spring and early summer of 162 
each year (26 Sept 2001 - 17 Jan 2002; 23 Aug - 4 Dec 2002; 17 Sept - 14 Dec 2006).  In 163 
2001, 179 cloacal samples from 51 individuals (25 males and 26 females) were collected 164 
on six separate sampling occasions (3 weeks apart).  In 2002, 151 cloacal samples were 165 
collected from 38 individuals (20 males and 18 females) on seven separate sampling 166 
occasions (3 weeks apart).  In 2006, 372 cloacal samples were collected from 29 sleepy 167 
lizards (18 males and 11 females), sampled up to three times per fortnight.   Not all 168 
lizards could be located on every sampling occasion. 169 
 170 
Bacterial Isolation and Identification 171 
Cloacal samples were collected using a sterile swab/transport tube system containing 172 
Aimes transport agar (36).  Samples from the first two years were processed within a 173 
week of collection and members of the Enterobacteriaceae were isolated as described by 174 
Gordon & FitzGibbon (10).  Isolates positive for hydrogen sulphide (H2S) production and 175 
negative for indole production were preliminarily identified as Salmonella enterica (18). 176 
 177 
Cloacal samples from 2006 were processed as described above on the day of collection.  178 
In addition, the swabs were vortexed in 3 ml of Rappaport-Vassiliadis broth (Merck), a 179 
medium designed to enrich for S. enterica (37).  Both the broth culture and the 180 
MacConkey agar plate were incubated overnight at 37 °C.  The following day, 20 µl of 181 
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the inoculated Rappaport-Vassiliadis culture was dilution streaked onto a MacConkey 182 
agar plate and incubated at 37 °C.  The next day, up to 10 presumptive S. enterica 183 
colonies (selected based on colony morphology) were transferred onto H2S agar plates 184 
and incubated overnight at 37 °C.  Colonies that were H2S positive were tooth-picked 185 
onto a Luria Broth agar plate, incubated overnight at 37 °C, and stored at 4 °C for further 186 
characterisation. 187 
 188 
Subspecies Identification 189 
Four subspecies of S. enterica were recognised among the samples (enterica, diarizonae, 190 
salamae, and houtenae), and the results of two methods were combined and used to 191 
assign each isolate to a subspecies in each year of the study.  The first method was based 192 
on a RFLP analysis of a fragment of the mdh gene and the second was based on the 193 
partial biochemical profile of an isolate. 194 
 195 
RFLP method for subspecies discrimination.  The mdh sequences available for 196 
Salmonella enterica were downloaded from Genbank® (accession numbers: U04761.1 - 197 
U4769.1, U04771.1 - U04776.1, U04778.1 - U04784.1).  An in silico analysis using 198 
Sequencher™ V3 (Gene Codes Corporation) was used to determine which restriction 199 
enzymes or combination of enzymes would distinguish the subspecies.  Hind III and Hae 200 
III were found to be the most suitable enzymes (Table 1).  PCR primers targeting 201 
conserved regions of the mdh gene and which encompassed the discriminatory region of 202 
the gene were chosen:  mdh-f 5’-CACGCTGGATATCATCCGCT-3’ and mdh-r 5’-203 
CCTTCCACATAGGCGCATTCC-3’, yielding a 327 bp fragment (38). 204 
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 205 
The restriction digests were carried out as follows:  Isolates were grown on Luria Broth 206 
agar plates at 37 °C overnight.  The following day, a single colony was placed into a 207 
microfuge tube containing 50 µl of ultra-pure water and vortexed to suspend the cells.  208 
Microfuge tubes were heated at 105 °C for 15 mins and then centrifuged at 13 0000 rpm 209 
for 1 min.  A 5 µl aliquot of the supernatant was used as DNA template.  The 18 µl 210 
reaction mix consisted of: 5 µl of template DNA, 0.14 µl of Platinum® Taq (1.25 U), 2 µl 211 
each of both forward and reverse mdh primers (10 pmol ml-1), 3.4 µl 25mM MgCl2, 3.4 212 
µl 5 x buffer (67 mM Tris-HCl, 16.6 mM [NH4]2SO4, 0.45 % Triton X-100, 0.2 mg 213 
gelatin ml -1 and 0.2 mM dNTP’s) (Fisher Biotec), and 1.06 µl ultra-pure water (Fisher 214 
Biotec).  PCR amplification conditions were: 1 cycle at 95 °C for 12 mins; 25 cycles of 215 
94 °C for 30 s; 55 °C for 30 s; 68 °C for 3 min; and 1 cycle at 72 °C for 10 min.  The 216 
amplified product was divided in half.  To each half, the restriction enzyme mix of either 217 
Hind III or Hae III was added.  The 1.75 µl restriction enzyme mix consisted of 0.15 µl 218 
ultra- pure water (Fisher Biotec), 1 µl 10 x restriction buffer (Promega), 0.1 µl BSA 219 
(Bovine Serum Albumen) and 0.5 µl restriction enzyme (Promega).  The restriction 220 
digest mix was incubated at 37 °C between 1 and 4 hours.  Electrophoresis was carried 221 
out using 2 % agarose gels stained with 2 µl ethidium bromide.  Gels were visualised and 222 
photographed using an ultraviolet trans-illuminator. 223 
 224 
Biochemical characterisation for subspecies discrimination.  The ability of an isolate 225 
to utilise dulcitol as a growth substrate and to produce β–glucuronidase can be used to 226 
distinguish among the subspecies of S. enterica found at the study site (18).  The ability 227 
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to exploit dulcitol was determined by inoculating cells into 96 well plates (Nunc™) 228 
containing 200 μl of phenol red broth base (BBL) and dulcitol (5 mg/ml).  The ability of 229 
an isolate to produce β–glucuronidase was determined using Rainbow® agar O157 230 
(Biolog). 231 
 232 
While the RFLP analysis could not distinguish between S. eneterica enterica and S. 233 
enterica houtenae isolates, S. enterica houtenae are β-glucuronidase and dulcitol 234 
negative, while the majority of enterica isolates are β-glucuronidase positive and almost 235 
always dulcitol positive (Table 1).  Further, S. enterica houtenae represented less than 1% 236 
of the isolates recovered from this population of sleepy lizards. 237 
 238 
S. enterica subspecies survival 239 
In the spring and summer of 2006 we performed an experiment examining the survival of 240 
S. enterica cells under different shade conditions within the study site.   From the isolates 241 
collected from sleepy lizards at the study site in 2001, 39 strains (13 each of the 242 
subspecies S. enterica enterica, S. enterica salamae and S. enterica diarizone) were 243 
selected for use in the experiment. 244 
 245 
 Each of the 39 strains was grown in 10 ml Rappaport-Vassiliadis broth and shaken for 24 246 
h at ambient temperature (18 – 25 °C).  Two 50 μl aliquots of the overnight culture of 247 
each of the 39 strains were transferred into two of 78 randomly selected wells in a 96 well 248 
microtitre plate (Nunc™).  An additional nine randomly selected wells were filled with 50 249 
μl of un-inoculated Rappaport-Vassiliadis broth.  Then 50 replicate survival blocks were 250 
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prepared, where each block consisted of 87 cotton buds, with their stalks inserted into a 251 
grid of holes in a block of wood positioned so that the cotton buds corresponded to the 252 
wells of the microtitre plate.  The block of wood was inverted, and each cotton tip was 253 
dipped into the media contained in each well of the microtitre plate.  This procedure 254 
transferred about 1.0 × 108 cells to the cotton bud.  The nine cotton tips with un-255 
inoculated Rappaport-Vassiliadis broth were controls to detect, after environmental 256 
exposure, the incidence of any field based contamination with S. enterica strains.  257 
 258 
Ten replicates of the survival blocks were each exposed to one of five shade treatments; 259 
0%, 30%, 50%, 70% and 80% shade, using four strengths of shade cloth. All 10 260 
replicates for each of the four shade treatments were placed 3 cm below a single 86 × 62 261 
cm piece of shade cloth. The treatments were located within the study site in a 3 m x 3 m 262 
patch of open bluebush habitat exposed to full sunlight.  263 
 264 
The experiment was repeated three times between October and December of 2006 when 265 
lizards were active, using the same shade cloth locations.  Each experiment ran for 3 – 5 266 
days, and Hobo® data loggers were used to record the temperature in each treatment for 267 
the duration of each experiment.  Rain shortened the duration of the second experiment. 268 
 269 
Each experiment began after sunset on the first day (2030 h). Then one survival block 270 
was removed from each treatment every 4-12 hrs (depending on treatment) until all 10 271 
blocks had been sampled. Each removed block was inverted and dipped three times into 272 
the wells of a plate, which contained 200 μl of Rappaport-Vassiliadis broth.  A further 273 
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nine wells on each plate had no cotton tips inserted and these were used as controls to 274 
detect any laboratory contamination.  Each plate was incubated overnight at 37 ºC then 275 
visually scored for turbidity indicating the presence of bacterial growth.  276 
 277 
A Weibull model of survivorship and the software  JMP® 7.01 (SAS Institute) were used 278 
to compare survival of the three S. enterica subspecies across the five shade treatments. 279 
The input data were the number of cotton tips from a subspecies in a shade treatment 280 
where growth was observed on each sampling occasion.  Wilcoxon tests were used to 281 
determine the significance of any differences among subspecies or among treatments.   282 
 283 
Results 284 
For 2006, the year with the most detailed temporal data, the proportion of lizards in 285 
which S. enterica was detected increased from spring to summer (Fig. 1).  286 
Across the three years of the study, S. enterica houtenae was rarely observed in this 287 
population of sleepy lizards (<1% of isolates).  Of the other three subspecies, S. enterica 288 
salamae was the most common and represented 43% of the 419 isolates recovered, 36% 289 
of the isolates were the subspecies S. enterica enterica, and 21% were S. enterica 290 
diarizonae.  There was little difference in the relative abundance of the three subspecies 291 
between 2001 and 2002 (Likelihood Ratio Test, p > 0.09), but there was a significant 292 
shift in the relative abundance of the subspecies between the periods 2001/2002 and 2006 293 
(Likelihood Ratio Test, p <0.0001).  In 2006 there was an increase in the frequency of S. 294 
enterica salamae isolates and a concomitant decline in the frequency of S. enterica 295 
diarizone (Table 2). 296 
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 297 
Temporal dynamics of S. enterica subspecies within a year 298 
In 2006, if a sleepy lizard harboured S. enterica, then on 85% of the occasions on which a 299 
lizard was sampled only a single subspecies was detected in that lizard, on 13% of the 300 
sampling occasions two subspecies were detected, and 2% of the time three subspecies 301 
were detected simultaneously inhabiting the host.  There was no significant change in the 302 
average number of subspecies harboured by a lizard over the 2006 activity season (Linear 303 
Regression: R2 13.7 %, p = 0.174) (Fig. 2).  Although at any given point in time a lizard 304 
typically hosted only a single subspecies of S. enterica, by the end of the 2006 activity 305 
season, 21 of 28 (75 %) lizards had harboured two of more subspecies of S. enterica over 306 
the season (Fig. 2).  The temporal trends of subspecies occurrence in individual lizards 307 
are shown in Fig. 3. 308 
 309 
Although the data were too sparse for rigorous analysis, there was no evidence of any 310 
dominance hierarchy among the subspecies of S. enterica.  In lizards that harboured 311 
multiple subspecies, it appeared that they could co-occur within a host for extended 312 
periods (eg. lizards 76 or 10606, Fig. 3).  Nor was there any indication that one of the 313 
subspecies was more likely to replace another subspecies in a lizard. 314 
 315 
Spatial structure of S. enterica subspecies within a sleepy lizard population  316 
The geographic location of a lizard was determined each time it was sampled.  To 317 
determine if the subspecies of S. enterica were non-randomly distributed in the 318 
environment, an analysis was conducted where the year of sampling (2001, 2002, 2006), 319 
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as well as the lizard location in an east-west and a north-south direction at each sampling 320 
time were used as predictor variables in a nominal logistic regression model.  Year, as 321 
well as lizard location, were found to predict the subspecies most likely to be observed in 322 
a lizard (Table 3; Nominal Logistic Regression: Full model; p < 0.001).  However, the 323 
significant interaction terms indicate that the spatial distribution of the subspecies 324 
differed among years. 325 
  326 
In 2001 and 2002, lizards sampled in the western part of the study site were more likely 327 
to harbour S. enterica enterica compared to lizards living in the eastern portion of the 328 
study site, while S. enterica salamae was distributed throughout the study site (Fig. 4). 329 
The pattern observed in 2006 indicated that lizards sampled in the northern end of the 330 
study site were more likely to harbour S. enterica salamae, while lizards in the eastern 331 
portion were more likely to harbour S. enterica enterica (Fig. 4). 332 
 333 
Although the spatial patterns observed in 2006 varied from those observed in 2001 and 334 
2002, in all years S. enterica diarizone appeared to be mapping onto the central region of 335 
the study site where there was an extensive stand of Casuarina trees.  In order to 336 
determine if subspecies distributions were associated with the stand of Casuarina trees, 337 
all surveyed locations of each lizard in 2006 were plotted onto a vegetation map of the 338 
study site.  If a lizard was located even once within the Casuarina stand in that year, that 339 
lizard was defined as having a home range that included the Casuarina stand.  Each 340 
lizard was also scored as the host of a Salmonella subspecies, if the subspecies was 341 
detected in the lizard in at least one sampling survey.  S. enterica diarizone was detected 342 
in 52% of the lizards whose home range included the Casuarina stand, but in only 13% 343 
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of the lizards never observed within the Causarina stand (Contingency Table Analysis: 344 
Likelihood Ratio X2 = 6.395, p = 0.011).   Similarly, S. enterica salamae was 345 
significantly more likely to be detected in lizards whose home range included the 346 
Casuarina stand (74% of lizards), than in those lizards whose home range did not (40%)  347 
(Contingency Table Analysis: Likelihood Ratio X2 = 4.391, p = 0.036).  The presence of 348 
S. enterica enterica in a lizard was not significantly affected by the presence or absence 349 
of trees in the lizard’s home range, 74% versus 80% respectively (Contingency Table 350 
Analysis: Likelihood Ratio X2 = 0.189, p = 0.664))  351 
 352 
S. enterica subspecies survival  353 
Of the 1,080 swabs that served as controls to detect field contamination, 10 (0.93%) 354 
became contaminated, but none of the un-inoculated wells designed to detect 355 
contamination in the laboratory became contaminated.  As a result, it was considered that 356 
contamination either in the field or in the laboratory did not significantly influence the 357 
results of the survival experiments. 358 
 359 
The ambient climatic conditions varied among the three experiments.  The mean, 360 
minimum and maximum temperatures were all higher in the third experiment (Table 4).  361 
Within each experiment, the five shade treatments produced different ambient 362 
temperatures.  Although there were no replicate locations for the treatments to allow 363 
statistical comparison, the 80% shade treatment resulted in ambient temperatures that 364 
were consistently 3 - 4°C cooler than the 0% shade treatment (Table 4). 365 
 366 
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In the first experiment, survival time increased significantly with increasing shade levels 367 
for each of the S. enterica subspecies (Table 5).   Survival time also varied significantly 368 
among the S. enterica subspecies, with S. enterica diarizone cells exhibiting the shortest 369 
survival times at all shade levels (Table 5).  These same patterns were observed in the 2nd 370 
and 3rd repeats of the survival experiment (data not presented). 371 
 372 
Discussion 373 
This study has demonstrated that the three subspecies of S. enterica that are commonly 374 
found in this population of sleepy lizards showed a non-random spatial distribution 375 
among hosts within the study site.  This non-random spatial distribution was most likely a 376 
consequence of the location of a lizard’s home range within the study site, rather than 377 
within host competition among S. enterica subspecies. 378 
 379 
The fraction of lizards in which S. enterica could be detected typically increased over the 380 
course of the activity season.  Lizards are inactive and generally do not feed between 381 
January and August and this likely explains the lower prevalence of S. enterica in the 382 
lizards in early spring when they emerge from their overwintering retreats and when they 383 
are first sampled.  We suggest that subsequent rises in prevalence reflect increasing 384 
exposure for feeding lizards.  Further, at any time during the activity season, if a lizard 385 
harboured S. enterica then it typically harboured a single subspecies.  In 17 of the 28 386 
lizards the dominant subspecies in the first 2006 sample remained the dominant 387 
subspecies in the last 2006 sample.  These outcomes may suggest competition by 388 
precedence, rather than any hierarchical competitive dominance structure.  Further, when 389 
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subspecies replacement did occur, there was no clear pattern of replacement, suggesting 390 
that no subspecies is competitively dominant.  This conclusion was supported by 391 
observations of some cases of prolonged coexistence of subspecies within a lizard.  Thus 392 
within host competitive interactions are unlikely to explain the non-random distribution 393 
of the subspecies among lizards. 394 
 395 
The non-random spatial distribution of the subspecies is also unlikely to have simply 396 
occurred as a result of some past chance event that has been maintained as a result of the 397 
restricted movement patterns of the lizards.  Although the activity of a lizard is largely 398 
confined to its home range, each home range overlaps extensively with those of its 399 
neighbours (31).  Therefore, over time any non-random pattern resulting from a chance 400 
event would eventually be lost. This is illustrated by the significant location x year 401 
interactions in the analyses of spatial location of each subspecies; their distributions 402 
altered over the course of this study. 403 
 404 
The most likely explanation for the non-random distribution of S. enterica subspecies 405 
among lizards is that the subspecies found in a lizard is a consequence of where the lizard 406 
lives within the study site.  This was most apparent for lizards living in the part of the 407 
study site where there was a significant Casuarina overstory.  The subspecies S. enterica 408 
diarizonae was  significantly less likely to be detected in lizards whose home range did 409 
not include the Casuarina stand and a similar pattern was observed for S. enterica 410 
salame.  These patterns could be observed because sleepy lizards occupy, over several 411 
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years, small, stable home ranges of approximately 4 ha (26, 30).  Thus the scale of home 412 
ranges is small, relative to the scale at which the vegetation changes within the study site.   413 
 414 
Although the survival experiments likely under estimate Salmonella survival in naturally 415 
deposited faeces the results of these experiments support the conclusion that it is where 416 
the lizard lives in the study site that is responsible for the non-random spatial distribution 417 
of subspecies among the lizards.  The survival experiment demonstrate that, for all S. 418 
enterica subspecies, the length of time they survived, and presumably remained 419 
infectious, depended on their degree of exposure to elevated temperature and sunlight.  420 
However, of the three S. enterica subspecies examined, S. enterica diarizone exhibited 421 
the poorest survival.  The shade provided by Casuarina is likely to provide a bacterium 422 
with cooler soil temperatures, lower levels of UV, and reduced temperature fluctuations 423 
compared to other areas within the study site.  For S. enterica enterica survival was 424 
marginally better than for the other subspecies, and this was the subspecies whose 425 
occurrence in lizards was independent of whether a lizard’s home range included the 426 
Casuarina stand.  The prevalence of S. enterica diarizone in the host population, the 427 
species with the poorest survival, in the lizard population declined substantially from 428 
2001 to 2006 and during this period there were two years with drought conditions.  The 429 
results of this study indicate that the spatial distribution of Salmonella subspecies in the 430 
study area is shaped, in part, by events occurring after faecal deposition has occurred.  431 
The distribution of E. coli genotypes (phylogroups) has also been shown to be shaped by 432 
environmental patterns after faecal deposition (39). 433 
 434 
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In the current study, there was little evidence that among subspecies competition plays a 435 
significant role in determining the diversity of S. enterica strains present in this 436 
population of sleepy lizards.  However, it does appear that the subspecies vary in their 437 
capacity to persist in the external environment, with S. enterica diarizone having the 438 
poorest survival of the three subspecies.  Thus, all else being equal, one would predict 439 
that S. enterica diarizone would not persist in this population as it should eventually be 440 
replaced by strains belonging to the other two subspecies, both of which are predicted to 441 
survive better than S. enterica diarizone.  The manner in which S. enterica diarizone 442 
persists in this population of lizards is unknown. 443 
 444 
Host social interactions have been shown to influence the transmission dynamics of S. 445 
enterica (40) as well as other enteric bacteria (41).  Host population dynamics can also 446 
play an important role in bacterial strain coexistence (42).  However, the impact of sleepy 447 
lizard dynamics and behaviour on S. enterica subspecies coexistence is difficult to 448 
predict.  Sleepy lizards occur at relative high densities, but the rate of population turnover 449 
is low (22).  Thus, at one level the rate of new hosts entering the population per year is 450 
low.  However, the very extended non-feeding period (7 – 8 months) seen in sleepy 451 
lizards, may result in most lizards apparently losing their S. enterica populations. 452 
Consequently, for S. enterica, the host population may effectively turn over every year. 453 
 454 
Although this research has left many unanswered questions, it represents a substantial 455 
contribution to the under explored area of the ecology of bacterial infections of wildlife. 456 
Further research should be directed towards gaining a better understanding of the separate 457 
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key factors that limit S. enterica survival in the external environment such as high 458 
temperatures, exposure to UV light and desiccating conditions. Secondly, an 459 
understanding of the genetic differences between the subspecies that influence their 460 
differential survival in the external environment may help provide an understanding of 461 
the survival and transmission of pathogenic strains of S. enterica. 462 
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Table 1.  RFLP and biochemical characteristics used to distinguish each of the four 575 
subspecies of Salmonella enterica isolated from Tiliqua rugosa individuals at 576 
Mt. Mary, South Australia. 577 
Subspecies 
Number of Bands
RFLP Profile
% of strains positive 
Hind III Hae III β–glucuronidase dulcitol 
enterica 1 1 11 88 % 97 % 
diarizonae 2 2 22 100 % 10 % 
salamae 2 1 21 29 % 100 % 
houtenae 1 1 11 0 % 0 % 
 578 
  579 
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Table 2.  Relative abundance of three subspecies of Salmonella enterica isolated from 580 
Tiliqua rugosa individuals at Mt. Mary, South Australia. 581 
Year Number of isolates 
S. enterica 
enterica 
S. enterica 
diarizonae 
S. enterica 
salamae 
2001 83 35 % 29 % 36 % 
2002 68 47 % 32 % 21 % 
2006 268 34 % 16 % 50 % 
 582 
  583 
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Table 3.  The results of the likelihood ratio tests in a nominal logistic regression model to 584 
determine the factors influencing the distribution of the Salmonella enterica 585 
subspecies enterica, salamae and diarizonae. 586 
Source of Variation df X2 P > X2 
year 4 12.38 0.0147 
easting 2 16.95 0.0002 
year*easting 4 26.87 <0.0001
northing 2 11.35 0.0034 
year*northing 4 9.79 0.0441 
easting*northing 2 2.00 0.3678 
year*easting*northing 4 2.33 0.6758 
 587 
588 
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Table 4.  Mean and range of temperatures for each shade treatment for each of the three 589 
repeats of the experiment assessing the survival of cells of S. enterica in the 590 
external environment.  The mean temperature averages the temperature 591 
measurements taken every 15 mins for the duration of the experiment. 592 
Shade Treatment 
(% shade) 
Average Temperature (minimum-maximum) ˚C 
Experiment 1 Experiment 2 Experiment 3 
0 22 (4-57) 24 (7-68)    34 (9-69) 
30 21 (5-50) 23 (8-56)    35 (11-71) 
50 21 (5-49) 22 (8-57)    32 (10-61) 
70 19 (5-36) 21 (9-46)    31 (9-55) 
80 18 (5 37) 21 (8-46)    30 (9-54) 
  593 
  594 
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Table 5.  The average predicted time (hours) at which 50 % of the swabs failed to yield 595 
viable S. enterica cells in the first repeat of the survival experiment. 596 
Shade Treatment 
S. eneterica 
enterica 
x¯  ± se 
S. enterica 
diarizonae 
x¯ ± se 
S. enterica 
salamae 
x¯ ± se 
Subspecies 
Effects† 
P > X2 
0 % 69.9 ± 2.20 67.1 ± 2.24 69.5 ± 2.21 0.5219 
30 % 72.9 ± 2.21 66.8 ± 2.24 71.2 ± 2.18 0.0768 
50 % 74.3 ± 2.16 71.1 ± 2.19 75.1 ± 2.20 0.3297 
70 % 79.4 ± 2.25 70.6 ± 2.21 76.8 ± 2.26 0.0088 
80 % 84.5 ± 2.15 75.2 ± 2.17 84.1 ± 2.22 0.0016 
Shade Effect† P>X2 <0.0001 0.0105 <0.0001  
† Wilcoxon tests to determine differences in survival in shade or subspecies treatments. 597 
  598 
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Figure Legends 599 
 600 
Figure 1.  Change in the proportion of sleepy lizards in which Salmonella enterica was 601 
detected over the course of the 2006 field season at Mt St Mary, SA. 602 
 603 
Figure 2.  Salmonella enterica subspecies carriage in the sleepy lizard population.  The 604 
average number of subspecies present per lizard . The cumulative number of lizards, of 605 
a total of 28 lizards, that had harboured two or more  subspecies over the season .  606 
 607 
Figure 3.  Temporal changes in the Salmonella enterica subspecies detected in each 608 
Tiliqua rugosa individual over the activity season of 2006.  The first column presents 609 
each lizard number, while each subsequent column represents the sample occasions in 610 
chronological order from left to right. Each coloured box represents a sample, where the 611 
colours represent: White no S. enterica, Yellow = enterica, Blue = diarizonae, Red = 612 
salamae, Black = houtenae, Grey = lizard not sampled. The amount of colour in each 613 
sampling box represents the relative frequency of each of the subspecies found in the 614 
sample. 615 
 616 
Figure 4.  The distribution of Salmonella enterica subspecies in the Mt Mary study site 617 
in the years 2001, 2002 and 2006.  The spatial locations of each subspecies detected in a 618 
lizard were fitted using a nonparametric bivariate density algorithm.  Red and yellow 619 
lines depict the geographic co-ordinates where each subspecies was most likely to be 620 
observed in a lizard.   621 
 622 
Figure 5.  The spectrum of plant cover in the Mt Mary study site. 623 
 624 
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Figure 2.  Salmonella enterica subspecies carriage in the sleepy lizard population.  
The average number of subspecies present per lizard p. The cumulative number of 
lizards, of a total of 28 lizards, that had harboured two or more  subspecies over the 
season .  
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Figure 4.  The distribution of Salmonella enterica subspecies in the Mt Mary study 
site in the years 2001, 2002 and 2006.  The spatial locations of each subspecies 
detected in a lizard were fitted using a nonparametric bivariate density algorithm.  
Red and yellow lines depict the geographic co-ordinates where each subspecies was 
most likely to be observed in a lizard.   
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